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SUMMARY 

The Massachusetts Institute of Technology has developed a manufacturing process for nanodispersion-

strengthened materials that could be used as fuel cladding or reactor core materials.  This report describes 

the design concept of irradiation capsules intended to accommodate specimens from such materials.  The 

capsules will be irradiated in the flux trap of Oak Ridge National Laboratory’s High Flux Isotope Reactor 

at three different fluence levels.  The goal of this neutron irradiation is to investigate the effects of irradiation 

on those materials at the nanoscale.  In addition, the report describes the irradiation test matrix and the 

successful assembly of the irradiation capsules. 
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1. INTRODUCTION 

The Massachusetts Institute of Technology (MIT) is currently studying different materials with 

improved neutron irradiation resistance provided by nanodispersion that could be used as fuel cladding or 

reactor core material.  The nanodispersion manufacturing technique uses 0, 1, or 2 dimensions (i.e., 0D, 

1D, or 2D) nanodispersions, which correspond to particles, nanotubes, or sheets, respectively.  The goal of 

this project is to perform neutron irradiation testing of several nanodispersion-strengthened materials to 

provide data on the mechanism of defects at the nanoscale.   

The specimens from 13 MIT nanodispersion-strengthened materials will be inserted in rabbit capsules 

and irradiated at 3 different fluence levels in the Oak Ridge National Laboratory (ORNL) High Flux Isotope 

Reactor (HFIR).  Each material is intended to be irradiated at each irradiation condition; all irradiations’ 

design target temperature is of 300 ± 50°C with doses of approximately 0.7, 1.4, and 2.1 dpa (approximately 

one-half, one, and two cycles in HFIR, respectively).  A total of six capsules will be irradiated (two capsules 

per irradiation condition).  This report presents the design concept for the experiment, the test matrix, and 

the successful assembly of these capsules. 

 

2. EXPERIMENT DESIGN AND TEST MATRIX 

HFIR is a beryllium-reflected, pressurized, light-water-cooled and light-water-moderated flux trap-

type reactor located at ORNL.  HFIR’s core consists of aluminum-clad involute-fuel plates that currently 

use highly enriched 235U fuel to maintain a steady state power level of 85 MWth [1]. Most irradiation 

experiments are conducted in the flux trap—typically in small, uninstrumented rabbit capsules.  As many 

as eight rabbits can be stacked axially inside a single peripheral target position (PTP) holder, a target rod 

rabbit holder (TRRH), or the hydraulic tube (HT).  The target rod and peripheral target holders have orifices 

that establish capsule heat transfer boundary conditions for rabbits with respect to the reactor primary 

coolant.  Positions are numbered in increasing order from the bottom to the top of a PTP or TRRH, so 

positions TRRH-4 and PTP-5, for instance, would be closest to the reactor’s midplane. 

Neutron and gamma radiation from HFIR fuel cause heating of experiment materials.  This heating 

is accurately determined using neutronics models of the HFIR core and is used as an input to finite element 

thermal analyses that estimate experiment component temperatures during irradiation.  Experiments in the 

flux trap are usually uninstrumented; passive silicon carbide (SiC) temperature monitors (thermometry) are 

used to estimate the irradiation temperature during post irradiation examination [2].  Detailed neutronic and 

thermal analyses are used to engineer rabbits in which the predicted and measured integral-irradiation 

temperatures are as similar as possible.  Experiment designs generally use a small insulating gas gap 

between the capsule’s internal components and external housing (the exterior of which is in contact with 

the reactor’s primary coolant).  The size of the gap and the type of fill gas (helium, neon, or argon) inside 

the experiment are chosen so that the heat generated in the experimental components passes through the 

gas gap and produces a specified steady-state temperature in the interior of the rabbit.  The temperature 

drop through this gas gap is a function of the heat flux through the gap, thermal conductivity of the fill gas, 

and size of the gas gap.  Each of these parameters is carefully selected and modeled to achieve the design 

temperature in an experiment. 

ANSYS finite element analysis software is used to predict temperature distributions inside the 

experiments.  These analyses use material-dependent heat generation rates (heat per unit mass), which were 

calculated from previously determined neutronics analyses (such as in [3]).  Computer-aided design models 

are imported into ANSYS and used to perform thermal analyses and optimize gas-gap dimensions.  

Convection boundary conditions are applied to the outer surface of the housing.  The heat generation rates 

vary in each irradiation location and as a function of axial distance from the reactor core midplane.  As 

shown in Figure 1, there are multiple irradiation facility designations in the HFIR flux trap.  
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* RB: removable beryllium 

VXF: vertical experiment facility 

Figure 1.  Schematic showing transverse section view of HFIR core, reflector, and 

experimental positions (not to scale). 

2.1 EXPERIMENT DESIGN CONCEPT 

The flexible tensile capsule design, referred to as the general tensile (GENTEN), consists of three 

specimen holders stacked axially within the rabbit housing, as shown in Figure 2.   

 

 
Figure 2.  Section view of the GENTEN capsule design concept. 
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The outer containment for the irradiation experiment is the rabbit capsule housing, which is directly 

cooled on the outer surface by HFIR’s primary coolant.  The specimens are placed in holders with outer 

diameters (ODs) that are optimized to create gas gaps to control temperature performance.  These holders 

can either be Al-6061 or molybdenum, depending on the required target temperature.  Centering tabs with 

a slightly larger diameter are machined into the holders to keep the assemblies centered inside the housing 

and to maintain a constant gas gap between the holder and the housing.  Stainless steel spring pins are used 

in the GENTEN design to hold the internal specimen in contact with the holder’s inner walls.  The chevrons 

are used as filler pieces that form a rectangular coupon shape with the tensile specimens to produce a 

uniform thermal load.  Stainless steel wave springs are placed on the ends of the internal assembly between 

the housing and the holders to minimize axial heat loss. 

 

2.2 CAPSULE THERMAL ANALYSIS 

For the Nuclear Science User Facilities MIT tensile irradiation experiments, the specimen 

temperature is controlled by the axial location, fill gas, and size of the gap between the holder and housing.  

The GENTEN capsule concept is an implementation of the ESTEEL model described in ORNL-TM-2018-

872 [4].  Table 2-1 lists the engineering drawings that define the GENTEN capsules used in this irradiation 

campaign. 

Table 2-1.  GENTEN capsule design drawings 

Identifier Part no. Title or description 

X3E020977A633, Rev. 2  Target Capsule Housing Assembly             [5]                    

X3E020977A634, Rev. C  Target Capsule Housing/ End Cap Detail      [6]              

S16-18-FUSSAM01, Rev. 1 
7 Chevron-SSJ-M4PCCVN-MPC-Thermometry 

3 SS-J2 specimen 

CM08-L3-S17  Wave spring 

91610A207  Spring pin 

S18-39-GEN_TEN, Rev. 0 2 Holder and rabbit assembly 

 

The various degrees of freedom for analysis inputs can create large numbers of single irradiation 

conditions.  The GENTEN designs are intended to be easily deployed throughout the flux trap region, but 

explicitly analyzing all these cases is impractical.  Therefore, a series of surface response calculations is 

performed on the capsule design.  This approach effectively maps the target temperature design space for 

a given set of conditions (e.g., flux trap location-dependent heat generation rates, heat transfer boundary 

conditions, and holder ODs).  The interface conditions between the capsules and HFIR coolant are listed in 

Table 2-2; these values are estimated in DAC-11-01-RAB03 [7]. 

Table 2-2.  Heat transfer boundary conditions 

Parameter HFIR location Value 

Convective heat transfer coefficient [7] 
TRRH 47.1 kW/m²·°C 

HT 31.6 kW/m²·°C 

HFIR coolant temperature [7] 
TRRH 52°C 

HT 53°C 

 

Material properties for this calculation are taken from the design and analysis calculations listed in 

Table 2-3.  Some specimen materials are uncommonly irradiated or completely new; these are modeled 

with the mechanical properties of similar materials (under the “Equivalence” column in the table). 
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Table 2-3.  Material mechanical properties references 

Material Equivalence Reference document 

Aluminum 6061 

n/a 

 

DAC-10-03-PROP_AL6061 [8] 

Molybdenum DAC-10-11-PROP_MOLY [9] 

Grafoil DAC-11-16-PROP_GRAFOIL [10] 

Austenitic steel 

Fe-18Cr-8Ni-2W-1Ti 
304 stainless steel DAC-10-16-PROP_SS304 [11] 

410 stainless steel F82H DAC-10-10-PROP_F82H [12] 

304 stainless steel 

n/a 

DAC-10-16-PROP_SS304 [11] 

SiC DAC-10-06-PROP_SIC(IRR) [13] 

Copper DAC-12-06-PROP_COPPER [14] 

Nickel n/a DAC-13-15-PROP_NICKEL [15] 

OFRAC 
F82H DAC-10-10-PROP_F82H [12] 

Grade 91 

Helium n/a DAC-10-02-PROP_HELIUM [16] 

 

The heat generation rates of the materials of construction (including specimens) are listed in Table 

2-4, with reference documents specified.  Some specimen materials are uncommonly irradiated or 

completely new; these are modeled with the heat generation rates of similar materials (under the 

“Equivalence” column in the table).  Compound/blended materials composed overwhelmingly of one 

constituent are assumed to have the heat generation rate of that major constituent.  

 

Table 2-4.  Heat generations rates 

Material Equivalence Mass-heating value (W/g) Reference document 

Aluminum 6061 

n/a 

 

32.5 

DAC-10-18-RAB02 [3] 

Molybdenum 43.3 

Grafoil 33.7 

Austenitic steel  

Fe-18Cr-8Ni-2W-1Ti 
F82H 39.3 

410 stainless steel 
F82H 39.3 

304 stainless steel 

SiC 
n/a 

32.9 

Copper 44.2 DAC-15-16-CNLN01-R0 [17] 

Nickel 

F82H 39.3 DAC-10-18-RAB02 [3] OFRAC 

Grade 91 
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In addition to the approximation of specimens’ mechanical and heat generation properties, the 

ultimate selection of materials to be irradiated was uncertain during the thermal analysis stage of the 

campaign.  That is, it was not specifically known which proposed experimental materials would be supplied, 

and the quantities of the supplied experimental materials were also uncertain during the thermal analysis 

stage of this campaign.   Using the best available estimates of the spectrum of specimens, the steady-state 

thermal description of the rabbits was modeled (in ANSYS) as shown in Figure 3.  The 1-D heat equation 

was used as a guide for the sorting of the specimens.  Figure 3 shows that the predicted selection of tensile 

specimens to be irradiated in this campaign required two near-identical rabbits.  In the material column, an 

entry of 30 represents 304 stainless steel and of 41 represents 410 stainless steel (the two-character 

abbreviations for the two steels is used simply such that all materials are described by two characters (visual 

stylization)).  The quadrant column indicates in which GENTEN in-holder stack the specimens in the rows 

to the left are placed, for modeling.  The letters L, T, R, and B stand for left, top, right, and bottom, 

respectively, corresponding to the stacks in Figure 4; though the stacks in a holder are symmetric, when 

viewing Figure 4, for example, the stacks have the appearance of L,T,R and B. 

In Figure 3, the place-in-stack column uses letters to indicate if the specimen in the same row is the 

outermost, middle, or innermost (O, M, or I respectively) slab in the quadrants of stacks shown in Figure 

4.  The fourth (and innermost) slab in the quadrants shown in Figure 4 is SiC thermometry.  Inside the 

rabbits, specimens are braced by F82H steel chevrons, except for in Holder 1 (see Figure 3), which uses 

some copper chevrons.  The quadrants (that is, stacks of specimens) are pressed into each of the four corners 

of the square cutout in the holders using a steel spring pin.  The holders have raised standoff features to 

center the holder assembly within the housing (as mentioned previously).  Grafoil is used to insulate the 

holder subassemblies from the cool bottom of the aluminum housing.  Figure 5 depicts a representative 

finite element meshing of a holder subassembly for the campaign rabbits. 
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Figure 3.  Predicted specimen selection, sorted into two rabbits. 

 

#1 #2

# Quadrant Place in Stack Chevron

1 Cu Cu O

2 Al Al M

3 Cu Cu I

4 Al Al O

5 Cu Cu M

6 Al Al I

7 Cu Cu O

8 Al Al M

9 Cu Cu I

10 Al Al O

11 30 30 M

12 30 30 I

13 Ni Ni O

14 41 41 M

15 Ni Ni I

16 41 30 O

17 Ni Ni M

18 30 30 I

19 Ni Ni O

20 30 30 M

21 Ni Ni I

22 41 41 O

23 41 41 M

24 41 41 I

25 Ni Ni O

26 Ni Ni M

27 Ni Ni I

28 41 41 O

29 41 41 M

30 41 41 I

31 Ni Ni O

32 41 41 M

33 Ni Ni I

34 41 41 O

35 41 41 M

36 41 41 I

Material

H

o

l

d

e

r

 

1

L Cu

T
Cu

R Cu

B
30

L 30

T
30

R 30

30

B
30

H

o

l

d

e

r

 

3

L 30

T
30

R 30

B

H

o

l

d

e

r

 

2
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Figure 4.  SS-J2 tensile specimen quadrant stacks in a GENTEN rabbit (isometric view). 

 

 
Figure 5.  A typical mesh scheme for a single holder subassembly. 
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Using ANSYS (with customizations [18]), a parametric study of the rabbit 1 in Figure 3 was 

performed.  Only rabbit 1 was studied because the only difference between the rabbits is that a single tensile 

specimen is 410 steel in one rabbit but 304 steel in the other.  These materials are modeled to have the same 

heat generation rates.  At the irradiation temperature target (300 °C), simulation of rabbit 1 shows that the 

304 steel and 410 steel average specimen temperatures are comparable.  Since estimates of holder-averaged 

specimens’ temperatures would not be significantly different in a simulation of rabbit 2 (less than 5 °C), 

rabbit 2 was not simulated.  The fill gas in all simulations was helium, while the OD of the three holders 

varied from 9.15 to 9.45 mm.  The parametric study was run for both TRRH and HT, which were modeled 

as sets of discrete axial positions with differing heat generation rates.  Several regions inside a rabbit were 

selected for steady-state temperature reporting, and those selected regions are depicted in Figure 6, Figure 

7, Figure 8, and Figure 9.. 

 

 

 
Figure 6.  All top middle specimens grouping (T4) 
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Figure 7.  Holder 3 top stack grouping (T3) 

 
Figure 8.  Holder 2 top stack grouping (T2) 
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Figure 9.  Holder 1 top stack grouping (T1) 

The results of a parametric study on holder sizes for TRRH position 6 and HT position 7 are recorded 

in Table 2-5 and Table 2-6, respectively.  In these tables, a row is a rabbit permutation.  The OD columns 

provide the ODs (in mm) of the three holders in a rabbit.  The T columns contain temperatures (in °C) that 

correspond to the red slab regions specified in the preceding three figures.  More details are provided in the 

complete ANSYS reports in APPENDIX A1:  Capsule Thermal Reports.   

Table 2-5.  ANSYS parametric study results—TRRH position 6 

Run Position 
OD1 

mm 

OD2 

mm 

OD3 

mm 
T4 
°C 

T3 
°C 

T2 
°C 

T1 
°C 

61 6 9.30 9.30 9.30 250 248 258 242 

62 6 9.15 9.30 9.30 276 249 268 306 

63 6 9.45 9.30 9.30 215 246 241 153 

64 6 9.30 9.15 9.30 275 258 311 252 

65 6 9.30 9.45 9.30 210 230 173 223 

66 6 9.30 9.30 9.15 276 313 268 243 

67 6 9.30 9.30 9.45 215 159 242 240 

68 6 9.18 9.18 9.18 320 317 328 310 

69 6 9.42 9.18 9.18 264 313 299 177 

70 6 9.18 9.42 9.18 255 284 201 275 

71 6 9.42 9.42 9.18 214 283 190 165 

72 6 9.18 9.18 9.42 264 184 298 306 

73 6 9.42 9.18 9.42 210 182 269 175 

74 6 9.18 9.42 9.42 214 172 190 274 

75 6 9.42 9.42 9.42 173 171 179 165 



 

11 

Table 2-6.  ANSYS parametric study results—HT position 7 

Run Position 
OD1 

mm 

OD2 

mm 

OD3 

mm 
T4 
°C 

T3 
°C 

T2 
°C 

T1 
°C 

61 7 9.30 9.30 9.30 252 249 259 243 

62 7 9.15 9.30 9.30 277 250 270 307 

63 7 9.45 9.30 9.30 217 247 243 156 

64 7 9.30 9.15 9.30 276 260 311 254 

65 7 9.30 9.45 9.30 212 231 176 225 

66 7 9.30 9.30 9.15 277 313 270 245 

67 7 9.30 9.30 9.45 217 162 243 242 

68 7 9.18 9.18 9.18 320 317 328 311 

69 7 9.42 9.18 9.18 266 313 300 180 

70 7 9.18 9.42 9.18 256 284 204 277 

71 7 9.42 9.42 9.18 216 283 193 168 

72 7 9.18 9.18 9.42 265 186 299 307 

73 7 9.42 9.18 9.42 212 184 271 178 

74 7 9.18 9.42 9.42 216 174 193 276 

75 7 9.42 9.42 9.42 176 173 182 168 

 

Tables like the preceding two were generated for all axial locations in the TRRH and HT facilities, 

but locations 6 and 7 were, respectively, selected for reporting in this document as these are the intended 

positions for the rabbits.  Because the tables include several internal temperature predictions for all positions 

of the two irradiation facilities, when available irradiation positions in TRRH or HT are specified, a set of 

three holder ODs that correspond most closely to a specified irradiation temperature can be selected from 

the tables.  T4, which is the average temperature in the middle position in the stack in the top quadrant 

provides the fairest representation of the thermal performance of the rabbits.  The information in the 

complete set of tables also allows for a contingency plan of irradiation positions, based on specified holder 

sizes, in the event the targeted irradiation facility position is occupied.  That is, alternate TRRH and HT 

positions can be chosen for an already-built set of holder ODs to achieve a T4 (i.e., average middle specimen 

stack temperature) similar to the specified design temperature, allowing for dynamic loading of rabbits in 

a HFIR cycle based on campaign priority, position availability, and design temperature flexibility.   

Note that the results shown in Table 2-5 and Table 2-6 are based on a specimen selection that is 

slightly different from those used in Figure 3 and Table 2-7.  As mentioned above, the ultimate selection of 

materials supplied for irradiation was uncertain, and the actual selection differed from what was expected 

when holders were sized and ordered.  Follow-up finite element thermal analyses with the specimen types 

and numbers shown in Figure 3 have shown that changes in T4 predictions were on the order of fractions 

of percentages (about 1 °C), meaning the design temperature prediction was still well within the allowable 

temperature range for the campaign (300 °C ± 50 °C).  In Table 2-5 and Table 2-6, Run 68 indicates the 

predicted middle specimen average temperature (T4) for the set of three identical holder OD sizes selected 

(3 x 9.18 mm). 
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2.3 TEST MATRIX 

Table 2-7 summarizes the different specimen types and numbers that were ultimately produced for 

irradiation.  Fifteen different materials will be studied, including thirteen materials provided by MIT and 

two materials provided by ORNL.  MIT materials include prototype metal with and without nanodispersions 

(1D carbon nanotube (CNT) or 2D graphene sheets): aluminum, aluminum + 1D CNT, Fe-16Cr-2Si steel, 

Fe-20Cr-2Si steel, copper, copper + 2D graphene, single crystal nickel, Steel 1 (martensitic steel, Fe-9Cr-

1W-0.1C-0.4Ti), Steel 1 + oxides/carbides (O/C), Steel 2 (austenitic steel, Fe-18Cr-8Ni-2W-1Ti), Steel 2 

+ O/C, nickel, nickel + 1D CNT.  OFRAC and Grade 91 materials were provided by ORNL.   Each material 

is planned to be irradiated at each irradiation condition; all irradiations’ design target temperature is of 

300 ± 50°C with doses of approximately 0.7, 1.4, and 2.1 dpa (approximately one-half, one, and two cycles 

in HFIR, respectively).  A total of six capsules will be irradiated (two capsules per irradiation condition). 

Table 2-7.  Irradiation test matrix 

Capsule ID JULI01 JULI02 JULI03 JULI04 JULI05 JULI06  

Irradiation temperature 

(°C) 
300 

 

Dose (dpa) 0.7 1.4 2.1  

Materials Number of SSJ2 specimens Total 

Al 3 2 3 2 3 2 15 

Al + CNT 3 2 3 2 3 2 15 

Cu 3 1 3 1 3 1 12 

Cu + graphene 3 1 3 1 3 1 12 

Fe-16Cr-2Si 2 3 2 3 2 3 15 

Fe-20Cr-2Si 2 3 2 3 2 3 15 

Grade 91 3 3 3 3 3 3 18 

Ni 2 3 2 3 2 3 15 

Ni + CNT 3 2 3 2 3 2 15 

OFRAC 0 3 0 3 0 3 9 

Single crystal Ni 2 3 2 3 2 3 15 

Steel 1 3 2 3 2 3 2 15 

Steel 1 + oxide/carbide 2 3 2 3 2 3 15 

Steel 2 2 3 2 3 2 3 15 

Steel 2 + oxide/carbide 3 2 3 2 3 2 15 

Total number of specimens 36 36 36 36 36 36 216 
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3. RABBIT CAPSULE ASSEMBLY AND HFIR FABRICATION 

Six rabbit capsules, with IDs JULI01 to JULI06, were assembled.  Examples of capsule complete 

parts layout are given by:  Figure 10, Figure 11 and Figure 12. The details of each capsule components are 

shown on the capsule fabrication request sheets provided in Appendix A2.  In total, 87 high-resolution 

digital images of each capsule’s components were taken; these are stored electronically, for record keeping 

purposes.   

All the capsule components were dimensionally inspected and cleaned according to HFIR-approved 

procedures, drawings, and sketches.  After assembly of the internal components, the rabbit housings’ end 

caps were welded to the housings using an electron beam weld.  The capsules were then placed inside sealed 

chambers that were evacuated and backfilled with helium three times to ensure a pure environment.  The 

chambers were placed inside a glove box, which was also evacuated and backfilled with helium.  Each 

rabbit had a small hole in the bottom of the housing that was sealed using a gas tungsten arc welding 

procedure.  All welds passed visual examination.  Each capsule was then sent for nondestructive 

examination, which included a helium leak test, hydrostatic compression at 7.136 MPa mass comparisons 

before and after hydrostatic compression to ensure no water penetrated the capsule housing, and a final post 

compression helium leak test.  All rabbits passed the helium leak testing and hydrostatic compression. 

 

 

 
Figure 10.  Parts layout for capsule JULI04.  
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Figure 11.  First partial parts layout for JULI02 
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Figure 12.  Second partial parts layout for JULI02 

 

 

4. SUMMARY AND CONCLUSIONS 

This work summarizes the capsule design concept and irradiation test matrix for six rabbit capsules, 

which were successfully assembled and delivered to HFIR.  Each rabbit contains tensile specimens from 

different prototype metals with and without nanodispersion features.  The specimens will be evaluated post 

irradiation to investigate the effects of irradiation on the materials’ microstructures and mechanical 

properties.  The rabbits were successfully assembled, welded, evaluated, according HFIR quality assurance.  

Pictures of the rabbit assembly process are included in this report.  Ultimately, the results of this project 

will be coupled with modeling to understand the mechanism of defects evolution at interfaces in the 

nanodispersion-strengthened materials under neutron irradiation and will impact the development of new 

radiation-resistant materials. 
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This appendix contains two customized-ANSYS-generated thermal descriptions for the model rabbit 

at TRRH position 6 and HT position 7, using the holder sizes selected for the actual rabbits.  Note that while 

9.18 mm OD holders were chosen, that measurement was rounded up from the 9.178 mm (for practicality 

of manufacture purposes).   
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Table A-1.  Rabbit temperature description, TRRH 
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Table A-2.  Rabbit temperature description, HT 
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